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A B S T R A C T
Blend and bilayer bio-based active films were developed by solvent casting technique, using chitosan (CS) and
gelatin (GL) as biopolymers, glycerol as a plasticizer and lauroyl arginate ethyl (LAE) as an antimicrobial
compound. Blend films had higher tensile strength and elastic modulus and lower water vapor permeability than
bilayer films (p < 0.05). Bilayer films demonstrated as effective barriers against UV light and showed lower
transparency values (p < 0.05). FT-IR spectra indicated that interactions existed between CS and GL due to
electrostatic interactions and hydrogen bond formation. However, the addition of LAE did not interfere in the
network structure. Active films incorporated with LAE (0.1%, v/v) inhibited the growth of Listeria mono-
cytogenes, Escherichia coli, Salmonella typhimurium and Campylobacter jejuni. This study highlighted the devel-
opment of blend and bilayer bio-based active films based on CS and GL enriched with LAE for food packaging
applications with improved physical, mechanical, barrier and antimicrobial properties.
1. Introduction
The market for active packaging as a part of smart packaging
technologies is expected to have a promising future due to the con-
sumer's preference for safe and high-quality food (Musso, Salgado, &
Mauri, 2017). In this context, active films based on renewable natural
biopolymers such as polysaccharides, proteins and lipids enriched with
natural antimicrobial substances have received considerable attention
in recent years in the food packaging industry. Bio-based active films
have emerged as alternatives to traditional synthetic packaging due to
their biocompatibility with human tissues, biodegradability and en-
vironmentally friendly properties (Poverenov, Rutenberg, Danino,
Horev, & Rodov, 2014; Souza et al., 2017; Staroszczyk, Sztuka, Wolska,
Wojtasz-Paja ̧k, & Kołodziejska, 2014). They can improve food shelf life
and quality by providing a barrier to protect the food from mechanical
damage, reducing moisture loss, oxidation rate and respiration. More-
over, they have this potential to act as effective carriers of active
compounds such as antimicrobials and antioxidants (Ponce, Roura, del
Valle, & Moreira, 2008).
Among many natural biopolymers that can be used to form edible
films, chitosan (CS) and gelatin (GL) have been proven to exhibit ex-
cellent film forming properties, stability, flexibility, biocompatibility,
biodegradability, non-toxicity and commercial availability (Cardoso
et al., 2016; Qiao, Ma, Zhang, & Yao, 2017).
CS is a linear polysaccharide, commercially obtainable as a seafood
by-product from deacetylation of chitin, which is the major constituent
of the exoskeleton of crustaceans such as crab and shrimp. CS is cate-
gorized as GRAS (generally recognized as safe) by U.S. Food and Drug
Administration in 2005 (FDA, 2005a). According to the European
Union regulation (No. 749/2012) in 2007, it has been approved for use
as a food supplement for human consumption in Europe. This poly-
cationic biopolymer is soluble in low-pH solutions due to the proto-
nation of the amino group (Bonilla & Sobral, 2016). In conjunction with
its cationic character, several studies have reported the wide inhibition
spectrum of CS against yeasts, molds, Gram-positive and Gram-negative
bacteria (Leceta, Guerrero, & De La Caba, 2013; Bellich, D’Agostino,
Semeraro, Gamini, & Cesàro, 2016; Elsabee & Abdou, 2013). However,
these beneficial characteristics are counterbalanced by limitations such
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as thermal stability, high water vapor permeability and ultraviolet (UV)
degradation which restrict CS application in food packaging (Ahmed,
Mulla, Arfat, & Thai, 2017). Barrier and mechanical properties of CS
films can be improved by blending or laminating with protein-based
biopolymers to combine the advantages of these two biopolymers as
well as to minimize their disadvantages (Galus & Kadzińska, 2015;
Pereda, Ponce, Marcovich, Ruseckaite, & Martucci, 2011; Poverenov
et al., 2014; Ramos, Valdés, Beltrán, & Garrigós, 2016). Protein-based
films generally have impressive gas barrier properties compared to
polysaccharide films and their mechanical properties are also better due
to their unique structure and high intermolecular binding potential
(Benbettaïeb, Kurek, Bornaz, & Debeaufort, 2014). Protein films have
multiple sites for chemical interaction as a function of their diverse
amino acid functional groups, which can allow for property improve-
ment (Dangaran, Tomasula, & Qi, 2009)
GL is a natural water-soluble protein, obtainable from the partial
hydrolysis of collagen (Ramos et al., 2016). GL consists of different
amino acids and therefore has amphoteric properties. It can easily ab-
sorb UV light due to the presence of aromatic amino acids (Ahmed &
Ikram, 2016). Since GL and CS are hydrophilic biopolymers with good
affinity and compatibility, they are expected to form composite films
(blend or bilayer) with improved properties. Negatively charged amino
acids on GL macromolecular chains have the potential to interact
electrostatically with positively charged CS to form blend or bilayer
films (Poverenov et al., 2014). In this context, the hydroxyl, amine and
also carboxyl groups of GL are capable of forming hydrogen bonds with
hydroxyl and amine groups of CS (Staroszczyk et al., 2014).
Active packaging or enrichment of packaging materials with certain
additives is an innovative concept to improve food safety and quality
(Gaikwad, Lee, Lee, & Lee, 2017). The capacity to release the active
compound in a progressive way is an obvious advantage over conven-
tional packaging systems in which the full amount of active agent is
added in the food formulation (Pezo, Navascués, Salafranca, & Nerín,
2012). Lauroyl arginate ethyl (LAE) is considered as one of the most
potent antimicrobial substances among novel food additives with strong
and fast antimicrobial properties against foodborne pathogens in direct
contact with them (Becerril, Manso, Nerin, & Gomez-Lus, 2013). The
incorporation of LAE into edible films can provide the films with ac-
tivity against food pathogens and spoilage microorganisms including
bacteria, yeasts and molds to extend shelf life and quality of food. LAE
acts as a cationic surfactant on the cytoplasmic membrane of micro-
organisms and inhibits the growth of microorganisms without causing
cell lysis (Muriel-Galet, Carballo, Hernández-Muñoz, & Gavara, 2016).
LAE has been evaluated for food safety as an antimicrobial compound
by the U.S. Food and Drug Administration (FDA, 2005b) and as a food
preservative by the European Food Safety Authority (EFSA, 2007). This
compound has been classified as GRAS at concentrations up to
200 ppm, since it is hydrolyzed in the human body by chemical and
metabolic pathways and quickly broken into its natural components
such as lauric acid, L-arginine and ethanol (Asker, Weiss, &
McClements, 2009). Incorporation of LAE as an antimicrobial com-
pound into packaging films has been reported in several studies
(Moreno, Cárdenas, Atarés, & Chiralt, 2017; Muriel-Galet et al., 2016;
Rubilar, Candia, Cobos, Díaz, & Pedreschi, 2016). However, limited
information is available concerning the enrichment of CS and GL blend
and bilayer films with LAE. Thus, the main objective of this study was
to develop blend and bilayer active films based on CS and GL enriched
with LAE to assess their physical, mechanical and barrier properties
which are relevant for food packaging applications. Moreover, the an-
timicrobial activity of the films was tested against common pathogenic
bacteria.
2. Material and methods
2.1. Materials and reagents
CS with a molecular weight of 100–300 kDa was obtained from
Acros Organics™ (China). GL (bloom 128- 192°) was purchased from
AppliChem GmbH (Darmstadt, Germany). Glycerol (≥ 99.5%) was
purchased from Merck (Darmstadt, Germany). Acetic acid was obtained
from Brenntag S.p.A (Milan, Italy). Lauroyl arginate ethyl (LAE) was
provided as Mirenat® - G (90% glycerol, 10% LAE) by Vedeqsa
(Terrassa, Barcelona, Spain). Brain heart infusion agar (BHIA) was
purchased from Biolife (Milan, Italy).
2.2. Preparation of film forming solutions and films
Preparation of films was adapted from Pereda, Ponce, Marcovich,
Ruseckaite, & Martucci (2011) with slight modifications. Eight different
types of films were analyzed in this study. Four control films (without
LAE) based on the chitosan (CS), gelatin (GL), chitosan-gelatin blend
(CS-GL) and chitosan/gelatin bilayer (CS/GL) and four active films
based on the same formulations enriched with LAE (CS/LAE, GL/LAE,
CS-GL/LAE blend and CS/GL/LAE bilayer). All film forming solutions
(FFS) with and without LAE were prepared separately. CS solution (2%,
w/v) was prepared by dissolving CS in an acetic acid solution (1%, v/v)
under continuous stirring at room temperature for 2 h. GL solution (2%,
w/v) was prepared by dissolving GL in distilled water under continuous
stirring at 35 °C for 15min. Glycerol (0.9 g/g GL or CS) was then added
as a plasticizer into both FFS that were stirred for an additional 30min.
CS-GL blend solution was prepared by mixing the same volume of CS
(2%, w/v) FFS and GL (2%, w/v) FFS, respectively. CS/GL bilayer
consisted of two separate FFS of GL and CS prepared as previously
described. The first layer was cast from FFS of GL and dried at
25 ± 2 °C overnight. Then, a second layer was cast from the FFS of CS
which was kept at 25 ± 2 °C the night before. Moreover, LAE (0.1%, v/
v) was added to each FFS which was stirred at 35 °C for an additional
30min to obtain active films (Rubilar et al., 2016). All FFS were de-
gasified with a vacuum pump (70 kPa) for 15min to remove bubbles in
the solution. Films were obtained by casting 20mL of the FFS into Petri
dishes (14.4 cm in diameter) and dried at 25 ± 2 °C overnight in the
chemical hood at ambient relative humidity (RH) of 45%.
2.3. Thickness
Film thickness was measured with a digital micrometer (Model
CDJAAB15, Borletti-LTF S.p.A., Antegnate, Bergamo, Italy) at five dif-
ferent random positions (one at the center and four on the edges). The
means of these five separate measurements were recorded.
2.4. Mechanical properties
The tensile stress (TS), elongation at break (EAB) and elastic mod-
ulus (EM) were determined using a dynamometer (Z1.0, Zwick/Roell,
Italy) according to ASTM standard method D882 (ASTM, 2001a). The
films with known thickness were cut into rectangular strips
(9×1.5 cm2). The initial grip separation and cross-head speed were set
at 70mm and 50mm/min, respectively. The measurements were re-
peated 18 times. The software TestXpert® II (V3.31) (Zwick/Roell, Ulm,
Germany) was used to record the TS curves. TS was calculated by di-
viding the maximum load to break the film by the cross-sectional area
(thickness) of the film and expressed in MPa. EAB was calculated by
dividing film elongation at rupture by the initial grip separation ex-
pressed in percentage (%). EM was calculated from the initial slope of
the stress-strain curve and expressed in MPa.
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2.5. UV barrier, light transmittance and transparency value
Films were cut into square stripes (2× 2 cm2). The barrier prop-
erties of films against UV and visible light were determined at the UV
(200, 280 and 350 nm) and visible (400, 500, 600, 700 and 800 nm)
wavelengths, using a Jasco V – 550 UV/Vis spectrophotometer (Jasco
Corporation, Tokyo, Japan). The transparency of the films was calcu-
lated by Eq. (1):
=
−Transparency value logT 600
x (1)
where T600 is the fractional transmittance at 600 nm and x is the film
thickness (mm). The greater transparency value represents the lower
transparency of the film.
2.6. Moisture content
Moisture content (MC) of the films was determined by measuring
weight loss of film upon drying in an oven at 105 ± 2 °C for 24 h ac-
cording to the following Eq. (2):
×MC (%): Mw-Md
Mw
100 (2)
Where, Mw is the initial weight (g) of the film and Md is dry weight (g)
of the film. Triplicate tests of MC were conducted for each type of film
and an average was taken as the result.
2.7. Water solubility
Films were cut into square stripes (2×2 cm2). The initial dry
matter content of each film was determined by drying to constant
weight in an oven at 105 ± 2 °C and then each film was submerged in
50mL of distilled water at 25 °C. After 24 h of immersion in water, the
pieces of film were taken out and dried to constant weight again in an
oven at 105 ± 2 °C to determine the weight of dry matter which was
not solubilized in water. The measurement of water solubility (WS) was
determined according to the following Eq. (3):
×WS (%): Wi-Wf
Wi
100 (3)
where, Wi is initial weight (g) of the film and Wf is final weight (g) of
the film.
2.8. Water vapor transmission rate and water vapor permeability
Water vapor transmission rate (WVTR) and water vapor perme-
ability (WVP) of the films was determined gravimetrically in triplicate
according to the ASTM E96 method (ASTM, 2001b) with some mod-
ifications. Films were sealed on top of glass test cups with an internal
diameter of 10mm and a depth of 55mm filled with 2 g anhydrous
CaCl2 (0% RH). The cups were placed in an environmental chamber at
45 °C and 75% RH. A fan located inside the chamber was used to move
the internal air ensuring uniform conditions at all test locations. WVTR
was determined using the weight gain of the cups and was recorded and
plotted as a function of a time. Cups were weighed daily for 7 days to
guarantee the steady state permeation. The slope of the mass gain
versus time was obtained by linear regression (r2 ≥ 0.99). WVTR (g/
day m2) and WVP (g mm/kPa day m2) were calculated according to the
following Eqs. (4) and (5):
=WVTR ΔW
Δt xA (4)
=WVP WVTRxL
ΔP (5)
where ΔW/Δt is the weight gain as a function of time (g/day), A is the
area of the exposed film surface (m2), L is the mean film thickness (mm)
and ΔP is the vapor pressure difference across the film (kPa), calculated
based on the chamber temperature and the relative humidity inside and
outside the cup
2.9. In vitro antimicrobial activity
Antibacterial activity of films assessed against four typical food
bacterial pathogens including Listeria monocytogenes (UNIMORE
19115), Escherichia coli (UNIMORE 40522), Salmonella typhimurium
(UNIMORE 14028) and Campylobacter jejuni (UNIMORE 33250) using
the disk diffusion assay according to Pereda et al. (2011). Films (ster-
ilized with UV light) were cut into a disc shape (15mm diameter) and
placed on the surface of BHIA agar plates, which had been previously
seeded with 0.1mL of inocula containing 106 CFU/mL of tested bac-
teria. The plates were then incubated at 30 °C for 24 h (C. jejuni plates
were incubated at 37 °C). The diameter of the inhibition zones (mm)
was measured with a caliper. All tests were performed in triplicates.
2.10. Scanning electron microscopy
Scanning electron microscopy (SEM) from cross section images of
the films were obtained with the use of a scanning electron microscope
(FEI, Quanta 200, Oregon, USA). Film samples were fixed on a stainless-
steel support with a double side conductive adhesive. The analysis was
conducted in low vacuum (0.6 Torr) at an acceleration voltage of 20 kV.
2.11. Attenuated total reflectance (ATR)- Fourier transform infrared (FT-
IR) spectroscopy
The infrared spectra of different films were obtained using an ATR-
FT-IR spectrometer (type Alpha, Bruker Optik GmbH, Ettlingen,
Germany). Spectra were collected from two different locations from the
top and bottom of the same samples in the 4000-400 cm−1 wave-
number range by accumulating 64 scans with a spectral resolution of
4 cm−1.
2.12. Statistical analysis
The statistical analysis of the data was performed through analysis
of variance (ANOVA) using SPSS statistical program (SPSS 20 for
Windows, SPSS INC., IBM, New York). The differences between means
were evaluated by Tuckey’s multiple range test (p < 0.05). All tests
were repeated three times. The data were expressed as the mean ± SD
(standard deviation).
3. Results and discussion
3.1. Microstructural properties
The microstructural properties of the edible films depend on the
compatibility and miscibility between film components, which affects
the final physical, mechanical, barrier and optical properties (Acosta,
Jiménez, Cháfer, González-Martínez, & Chiralt, 2015). SEM images of
the control (without LAE) and active films (with LAE) based on CS, GL,
CS-GL blend and CS/GL bilayer are displayed in Fig. 1. The SEM images
indicated that both CS and GL films were homogeneous (Fig. 1a and b).
The SEM image of CS-GL blend showed dense, homogeneous and
compact structures without discontinuous or porous structures
(Fig. 1c). Phase separation could not be detected in CS-GL blend in-
dicating a high compatibility and homogeneity between CS and GL due
to associative interactions (Galus & Kadzińska, 2015). This represents
an excellent structural integrity for CS-GL blend. The SEM image of CS/
GL bilayer film revealed sheets stacked in layers (Fig. 1d). Interactions
could take place at the interface of the bilayer film, increasing the
bonding strength between layers which prevent manual peeling of
single film components (Pereda et al., 2011). Active films enriched with
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LAE revealed some holes, porous and free spaces (Fig. 1e–h). The SEM
image of GL/LAE film showed a smoother structure than other active
films (Fig. 1f). This might be due to the good dispersion of LAE as a
cationic surfactant inside the GL film forming solution (Rubilar et al.,
2016).
3.2. Thickness
The thickness of control and active films based on CS, GL, CS-GL
blend and CS/GL bilayer is shown in Table 1. In this study, control and
active films based on the CS, GL and CS-GL blend were obtained by
casting the same volume of film forming solution (FFS) onto Petri dishes
while control and active films based on the CS/GL bilayer were ob-
tained by two-step casting method. Thus, the thickness of control and
active CS/GL bilayer films were higher than other films (p < 0.05).
The incorporation of LAE did not influence the thickness (p > 0.05).
This could be due to the low amount of LAE (0.1%, v/v) incorporated
into active films which was not sufficient to significantly increase the
average thickness. Similar results were reported by Rivero, García, &
Pinotti (2009) and Poverenov, Rutenberg, Danino, Horev, & Rodov
(2014).
3.3. Mechanical properties
Mechanical properties including tensile strength (TS), elongation at
break (EAB) and elastic modulus (EM) of control and active films based
on CS, GL, CS-GL blend and CS/GL bilayer are presented in Table 1. The
mechanical properties of films represent their ability to keep the in-
tegrity and endure external stress during the processing, subsequent
transportation, handling and storage of the packaged materials. Suffi-
cient mechanical strength and extensibility are generally required for
food packaging applications (Ahmed et al., 2017; Jridi et al., 2014). Our
results showed that TS, EAB and EM were not affected by the addition
of LAE into the films (p > 0.05). This might be due to the low amount
of active compound incorporated into the films.
The TS of control and active CS films (20.96 and 22.83MPa, re-
spectively) showed higher values than control and active GL film (8.91
and 09.29MPa, respectively) (p < 0.05). This is in agreement with
other studies that demonstrated GL film is brittle and susceptible to
cracking due to the strong cohesive energy density of the polymer (Jridi
et al., 2014; Rivero, García, & Pinotti, 2009). The TS of control and
active CS-GL blend films (31.87 and 31.86M P, respectively) showed
higher values than bilayer and single component films (p < 0.05),
leading to stronger and tougher films. This could be attributed to the
formation of intermolecular hydrogen bonds between ammonium of the
CS backbone and hydroxyl of the GL in the blend formulations (Leceta,
Guerrero, Ibarburu, Dueñas, & De La Caba, 2013). Considering that TS
is in correlation with the microstructure of the polymer matrix and
intermolecular forces within the film components, the higher TS of the
films might be due to the condensed structure of the CS-GL blend film
(Mohammadi et al., 2017). Control and active bilayer films showed TS
values (22.7 and 24.34MPa, respectively) similar to CS film. In contrast
Fig. 1. SEM images on cross-sections of films based on a: chitosan, b: gelatin, c: chitosan-gelatin blend, d: chitosan/gelatin bilayer, e: chitosan/LAE, f: gelatin/LAE, g:
chitosan-gelatin/LAE blend, h: chitosan/gelatin/LAE bilayer.
Table 1
Thickness, tensile strength (TS), elongation at break (EAB) and elastic modulus (EM) of the films based on chitosan (CS), gelatin (GL), chitosan-gelatin blend (CS-GL)
and chitosan/gelatin bilayer (CS/GL) and those enriched with LAE.
Film sample Thickness (μm) TS (MPa) EAB (%) EM (MPa)
CS 31 ± 0.39ab 20.96 ± 0.87b 27.64 ± 00.77a 548.74 ± 30.46c
GL 28 ± 0.97a 08.91 ± 0.15a 27.23 ± 01.72a 344.52 ± 10.67a
CS-GL 29 ± 1.86a 31.87 ± 1.58c 29.77 ± 00.34a 592.17 ± 05.75c
CS/GL 54 ± 2.73c 22.07 ± 2.79b 31.11 ± 01.57a 436.12 ± 14.30b
CS/LAE 35 ± 1.56b 22.83 ± 0.60b 28.88±00.55a 565.23 ± 23.68c
GL/LAE 29 ± 1.97ab 09.29 ± 0.04a 29.37 ± 01.81a 361.30 ± 08.95a
CS-GL/LAE 32 ± 1.30ab 31.86 ± 1.66c 28.69 ± 00.54a 534.61 ± 06.37c
CS/GL/LAE 58 ± 3.06c 24.34 ± 3.25b 31.61±00.63a 462.61 ± 10.18b
Values are given as mean ± SD (n= 3).
Different lowercase letters in the same column indicate significant differences (p < 0.05).
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to this result, Pereda et al. (2011) reported that TS of CS-GL blend and
CS/GL bilayer films was decreased compared to the single component
films.
EAB is the maximum change in length of a film until it breaks
compared to the initial length. EAB helps to determine the flexibility
and stretchability of a film (Jantrawut, Chaiwarit, Jantanasakulwong,
Brachais, & Chambin, 2017). No significant difference was observed in
the EAB of control and active films based on CS, GL, CS-GL blend and
CS/GL bilayer (p > 0.05). Souza et al. (2017) also found that the in-
corporation of different essential oils and hydroalcoholic extracts into
CS film did not induce significant differences in EAB values.
EM is the fundamental measure of film intrinsic stiffness. EM stands
for the resistance of the film to elastic deformation and this can be
perceived as reflecting the stiffness and strength of the film. A low EM
value corresponds to a flexible film while higher values stand for more
stiffness (Jantrawut et al., 2017). Control and active GL films showed
the lowest EM values (344.52 and 361.31M P, respectively) while
control and active CS films showed higher EM values (548.74 and
565.23MPa, respectively) (p < 0.05). Control and active CS-GL blend
films showed EM value similar to CS film (592.17 and 534.61MPa,
respectively). CS/GL bilayer films showed intermediate values (436.12
and 462.61MPa, respectively). Hosseini, Rezaei, Zandi, and Ghavi,
(2013) found that GL and CS were totally compatible to form films. The
addition of positively charged CS improved the mechanical properties
of films made from GL. The addition of CS caused a significant increase
in the TS and EM, leading to stronger films as compared to GL film, but
significantly decreased the EAB. Our results suggested that blend films
provided greater mechanical properties compared to the bilayer and
single component films. However, the comparison of the data in the
literature for mechanical properties of CS and GL film provide contrary
conclusions and depend on multiple factors such as the molecular mass
of the polymer, deacetylation degree of CS, pH of the FFS, drying
conditions, solubilization method, water content, film preparation and
film thickness.
3.4. UV barrier, light transmittance and transparency value
Protecting food from the effect of light and UV radiation is an im-
portant property to evaluate due to their influence on product perfor-
mance and consumer acceptance. The UV barrier, visible light trans-
mittance and transparency values in the wavelength range 200–800 nm
of control and active films based on CS, GL, CS-GL blend and CS/GL
bilayer are shown in Table 2. Control and active bilayer films showed
the lowest UV light transmission (0.18% and 0.16%, respectively). UV
barrier property of films (200–350 nm) is an important characteristic to
avoid lipid oxidation induced by UV light in the food (Wu, Sun, Guo,
Ge, & Zhang, 2017). However, the mechanisms of blocking UV light can
affect the visual transparency which is an interesting sensory factor for
consumers and one of the major goal within the packaging industry
(Cárdenas, Díaz, Meléndrez, & Cruzat, 2008). In general, CS films are
not good UV barriers. In contrast, GL films exhibited excellent UV
barrier properties due to the UV absorption of peptide bonds in the
polypeptide chains and their high amount of aromatic amino acids (Liu
et al., 2015). Control and active blend films showed UV barrier values
similar to single component films while control and active bilayer films
showed lower values. This might be due to the higher thickness of the
bilayer films compared to the blend and single component films.
In contrast to the UV range, the light transmission of the films in the
visible range (400–800 nm) showed higher values leading to trans-
parent films. Control and active bilayer films showed less light trans-
mission compared to blend and single component films.
The presence of LAE in the film matrix inhibited the light trans-
mission for both UV and visible ranges. The highest transparency value
was observed for CS/LAE film in the visible light range. If compatibility
between films constituents was not good, then due to reflection or
dispersion of light at the phase interface, the transparency would be low
(Ahmed & Ikram, 2016; Pereda et al., 2011).
Active films had higher transparency values than the control film.
The transparency value of the films depends on the type of the biopo-
lymer, differences in thickness and the distribution of LAE in the film
network. The higher transparency value indicated that the film was less
transparent. Control and active CS films showed the highest transpar-
ency values (p < 0.05). Interestingly, the CS/GL bilayer film showed
the lowest transparency value (p < 0.05) despite a higher thickness.
These results suggested that the bilayer film with the strong absorbance
in the UV range and lower transparency value revealed better UV and
light barrier properties than blend and single component films.
3.5. Moisture content and water solubility
The moisture content (MC) of the films is a parameter related to the
total empty volume occupied by water molecules in the network mi-
crostructure of the film (Pereda et al., 2011). This parameter is very
important for food packaging applications since it could be greatly re-
lated to the physical properties and microbial growth. The MC of con-
trol and active films based on CS, GL, CS-GL blend and CS/GL bilayer is
shown in Table 3. The incorporation of LAE did not affect the MC
(p > 0.05). Control and active CS films had higher MC values than the
control and active GL films (p < 0.05) due to the availability of free
hydroxyl and amine groups of CS to interact with water (Ahmed &
Ikram, 2016). Control and active blend and bilayer films showed in-
termediate MC values. The hydrophilic nature of CS biopolymer may
represent a drawback, as tends to swell, dissolve, or disintegrate upon
contact with the surface of foodstuff with high MC. However, this
drawback could be improved in blend and bilayer films (Gómez-
Guillén, Giménez, López-Caballero, & Montero, 2011).
Water solubility (WS) of control and active films based on CS, GL,
CS-GL blend and CS/GL bilayer is shown in Table 3. The WS was not
Table 2
Light transmittance (T%) and transparency value (600 nm) of the films based on chitosan (CS), gelatin (GL), chitosan-gelatin blend (CS-GL) and chitosan/gelatin
bilayer (CS/GL) and those enriched with LAE.
Film sample Light Transmission (%) at different wavelengths (nm) Transparency value
200 280 350 400 500 600 700 800
CS 00.27 53.62 72.12 85.83 88.97 89.06 88.58 88.51 1.62 ± 0.19c
GL 00.23 60.13 88.12 91.38 91.46 90.88 90.11 89.96 1.26 ± 0.01ab
CS-GL 00.24 61.18 82.74 90.55 91.80 91.30 90.51 90.32 1.35 ± 0.04ab
CS/GL 00.18 42.14 74.14 87.26 90.45 90.32 89.68 89.55 0.80 ± 0.08a
CS/LAE 00.20 37.94 52.43 62.82 70.54 74.76 77.46 88.48 3.59 ± 0.41d
GL/LAE 00.23 60.66 89.45 91.97 91.78 91.15 90.26 90.20 1.34 ± 0.16ab
CS-GL/LAE 00.23 61.17 82.83 89.28 90.25 89.86 89.24 89.06 1.43 ± 0.22ab
CS/GL/LAE 00.16 36.72 67.27 79.23 83.86 85.86 86.14 86.33 1.30 ± 0.32ab
Values are given as mean ± SD (n= 3).
Different lowercase letters in the same column indicate significant differences (p < 0.05).
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influenced by the addition of LAE to the films (p > 0.05). Control and
active GL films were completely soluble in water while control and
active CS films showed slight solubility in water. Control and active
blend and bilayer films showed WS values lower than GL films but
slightly higher than CS films (p < 0.05). Considering the interaction
between CS and GL that occurred in the film matrix, this might lower
the availability of hydroxyl and amino groups that can interact with
water, thus decreasing the water solubility of the blend and bilayer
films. Pereda et al. (2011) reported that a polyelectrolyte positively
charged (CS) and a polyampholyte negatively charged (GL) can make
associative interactions due to hydrogen bond formation and electro-
static forces resulting in a reduction of water solubility of soluble
polyelectrolyte complex.
3.6. Water vapor transmission rate and water vapor permeability
The water vapor permeability (WVP) is a key parameter to ensure
the organoleptic qualities of food which are highly associated with the
shelf life. An effective control of moisture transfer is a desirable prop-
erty for the food packaging industry. The WVP should be as low as
possible to avoid or to reduce moisture transfer between the food and
the surrounding atmosphere (Cao, Yang, & Fu, 2009). The water vapor
transmission rate (WVTR) and WVP of control and active films based on
CS, GL, CS-GL blend and CS/GL bilayer are shown in Table 3. WVTR
and WVP were not influenced by the addition of LAE to the films
(p > 0.05).
Our result showed that the WVTR of control and active blend films
was lower than that of control and active bilayer and single component
films (p < 0.05).
Control and active bilayer films showed the highest WVP values
among the tested films (p < 0.05). This could be explained by the
higher thickness of bilayer films compared to other films. McHugh,
Avena–Bustillos, and Krochta, (1993) reported that a positive re-
lationship existed between thickness and WVP of hydrophilic films
since the increase in film thickness could increase the relative humidity
and equilibrium water vapor partial pressure at the inner film surface
and provide an increased drive to mass transfer across it. Control and
active blend films demonstrated the lowest WVP (p < 0.05) where the
hydrogen and covalent interactions between CS and GL network re-
duced the availability of the hydrophilic groups, and subsequently lead
to a decrease in the water affinity. This result is in accordance with the
SEM analysis revealing that blend films have dense, homogenous and
compact structures without discontinuous or porous structures.
3.7. Antimicrobial activity
Antimicrobial activity of films was evaluated by the disk diffusion
assay. The details of antimicrobial activity of control and active CS, GL,
CS-GL blend and CS/GL bilayer films against E. coli, S. typhimurium, L.
monocytogenes and C. jejuni are shown in Table 4. The control films
without LAE did not show an inhibitory effect against any of the tested
microorganisms. Similar results were shown by Pranoto, Rakshit, and
Salokhe, (2005). The absence of inhibitory character could be explained
by the limitation of CS diffusion in agar medium or incapability of GL to
inhibit bacterial growth as it has been reported by other authors
(Leceta, Guerrero, De La Caba et al., 2013). Incorporating LAE into
films even at low concentrations revealed an antimicrobial effect. All
active films effectively inhibited the growth of tested microorganisms.
The high antimicrobial activity of LAE has been attributed to its action
as a cationic surfactant by increasing the permeability of the cytoplasm
and outer membrane of Gram-negatives and the cell membrane and
cytoplasm of Gram-positives, through denaturation of a membrane
protein, where it alters their metabolic processes such as inhibition of
cellular ATP generation. These changes produce disturbances in mem-
brane potential, resulting in cell growth inhibition and loss of viability
(Bonnaud, Weiss, & McClements, 2010; Moreno, Gil, Atarés, & Chiralt,
2017). In addition, LAE has been reported to affect DNA structures by
causing them to aggregate through ionic bridging (Ma, Davidson,
Critzer, & Zhong, 2016). In summary, the results provided by the disk
diffusion assay proved that the incorporation of LAE into the films even
at low concentration had the potential to inhibit target microorganisms.
3.8. Fourier-transform infrared (FT-IR) spectroscopy
The FT-IR spectra of the active films based on CS/LAE, GL/LAE, CS-
GL/LAE blend and CS/GL/LAE bilayer recorded in the wavenumber
range of 4000–400 cm−1 are shown in Fig. 2. The characteristic band at
1631 cm-1 (amide-I) in the GL/LAE film spectrum is primarily due to the
ν(C]O) stretching vibration (Fig. 2a). This amide-I band is the most
sensitive spectral signal to characterize protein secondary structure
(Jridi et al., 2013). Proteins with predominantly β-sheet structure ex-
hibit amide-I bands between 1630–1640 cm−1 (Jackson & Mantsch,
1995). A strong peak at 1631 cm-1 may be taken as evidence of the
presence of a significant amount of β-sheet secondary structures in GL
film. The peak at 1545 cm-1 corresponds to a combination band of the
ν(C–N) stretching and δ(N-H) bending vibrations (amide-II) and the
low-intensity band at about 1237 cm-1 (amide III) has been assigned to
another coupled vibration of the −CONH- functionality. The band si-
tuated around 1034 cm-1 can be assigned to a ν(C–O) stretching vi-
bration and could be related to possible interactions arising between
plasticizer (hydroxyl group of glycerol) and film structure. The ab-
sorption band at 3291 cm-1 corresponds mainly to the ν(NeH)
stretching vibration of hydrogen bonded NeH functionalities. The band
doublet at about 2930/2870 cm-1 can be assigned to antisymmetric and
symmetric, respectively, νas(CH3/CH2)/νs(CH3/CH2) stretching vibra-
tions of CH3 and CH2 functionalities. Similar spectra for GL film have
been reported by Qiao, Ma, Zhang, & Yao (2017) and Wu, Sun, Guo, Ge
& Zhang (2017).
CS/LAE (Fig. 2b) shows bands at 1655 and 1586 that can be as-
signed to the amide-I and amide-II bands of the residual acetamide
Table 3
Moisture content (MC), water solubility (WS), water vapor transmission rate (WVTR) and water vapor permeability (WVP) of the films based on chitosan (CS), gelatin
(GL), chitosan-gelatin blend (CS-GL) and chitosan/gelatin bilayer (CS/GL) and those enriched with LAE.
Film sample MC (%) WS (%) WVTR
(g/day m2)
WVP 75:0% RH
(g mm/kP day m2)
CS 21.12 ± 1.23d 19 ± 0.7a 3885.28 ± 22.87b 0.022 ± 0.00021b
GL 10.97 ± 2.96ab 100 ± 0.0c 4274.44 ± 35.46c 0.021 ± 0.00018b
CS-GL 14.83 ± 1.62bc 26 ± 0.6b 3314.14 ± 19.99a 0.017 ± 0.00010a
CS/GL 14.26 ± 2.76bc 27 ± 0.5b 3824.20 ± 65.75b 0.037 ± 0.00065c
CS/LAE 17.64 ± 3.04cd 17 ± 0.6a 3795.70 ± 34.00b 0.024 ± 0.00021b
GL/LAE 07.47 ± 1.20a 100 ± 0.0c 4262.49 ± 53.60c 0.022 ± 0.00028b
CS-GL/LAE 16.31 ± 3.70bc 26 ± 0.6b 3202.00 ± 53.73a 0.018 ± 0.00031a
CS/GL/LAE 15.18 ± 2.65bc 26 ± 0.7b 3690.44 ± 32.87b 0.040 ± 0.00145c
Values are given as mean ± SD (n= 3).
Different lowercase letters in the same column indicate significant differences (p < 0.05).
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structures, respectively. Peaks at 853, 926, 990, 1026 and 1152 cm−1
can be assigned to saccharide structures (Bonilla & Sobral, 2016). The
broadband between 3600 and 3000 cm-1 is composed of ν(OH), ν(NH)
and νas(NH2)/νs(NH2) vibrational contributions.
The band doublet at about 2921/2870 cm−1 corresponds to
νas(CH3/CH2)/ νs(CH3/CH2) vibrations. The band at 1377 cm−1 is as-
signed to acetamide groups, which indicates that CS is not totally
deacetylated (Leceta, Guerrero, Ibarburu et al., 2013).
If two polymers are compatible, the IR spectrum of the blends
should differ from the spectra of the individual components by band
shifts and intensity changes depending on the degree of chemical in-
teractions. Analysis of FT-IR spectrum of CS-GL/LAE blend film
(Fig. 2c) revealed a slight shift of the ν(NeH) band to 3289 cm−1 which
indicates the formation of additional intermolecular hydrogen bonds
between CS and GL. Moreover, the amide-I band shifted from
1631 cm−1 to 1638 cm−1 in the blend. This change can be interpreted
as a conformational change of the secondary structure of GL. The
amide-II peak slightly shifts from 1545 to 1550 cm−1 in the blend and
indicates the formation of further hydrogen bonds. Furthermore, the
shift of the amide-II peak of CS from 1586 to 1550 cm−1 confirms the
presence of the electrostatic interactions between the carboxyl groups
of GL and amino groups of CS (Qiao et al., 2017). Thus, our spectro-
scopic data suggest that blending CS and GL resulted in the con-
formational and hydrogen bonding changes in the GL polypeptide
structure. Similar results were reported by Mohammadi et al. (2017).
Due to the limited penetration depth (only a few micrometers) of
infrared radiation into the sample in the ATR-FT-IR measurement
geometry, the spectra measured from the bottom- and the top-side of
the CS/GL/LAE bilayer films (Fig. 2d and e) showed exactly the spectral
characteristics of the individual components.
Control films without LAE showed similar major bands as the active
films. The absence of changes in the intensities and positions of the
major CS and GL bands suggests a low interfacial interaction between
these biopolymers and the LAE. Similar results were reported by
Gaikwad et al. (2017) and Rubilar et al. (2016).
4. Conclusions
In this study blend and bilayer films based on CS and GL were de-
veloped and some physical, mechanical and barrier properties of these
films were compared to the single component films. Moreover, LAE at a
low concentration was incorporated into the films to evaluate their
antimicrobial activities. Blend films demonstrated higher TS and EM
values as well as lower WVP compared to the bilayer films. Bilayer films
demonstrated as effective barrier against UV light. The incorporation of
LAE did not influence the thickness, the mechanical properties and the
water vapor permeability of the films. However, it affected the light
transmittance of the films and improved their barrier properties against
UV radiation. ATR-FT-IR analysis showed a good compatibility between
CS and GL due to the electrostatic interactions and hydrogen bond
Table 4
Inhibition zone diameters of the film disks (15mm diameter) based on chitosan (CS), gelatin (GL), chitosan-gelatin blend (CS-GL) and chitosan/gelatin bilayer (CS/
GL) and those enriched with LAE.
Film sample L. monocytogenes E. coli S. typhimurium C. jejuni
CS N. D. N. D. N. D. N. D.
GL N. D. N. D. N. D. N. D.
CS-GL N. D. N. D. N. D. N. D.
CS/GL N. D. N. D. N. D. N. D.
CS/LAE 16.36 ± 0.55aA 17.66 ± 2.08aA 16.05 ± 0.08aA 23.33 ± 2.30aB
GL/LAE 16.66 ± 0.57aA 16.33 ± 0.57aA 16.00 ± 1.00aA 23.33 ± 1.52aB
CS-GL/LAE 16.70 ± 0.51aA 18.00 ± 1.73aA 17.03 ± 0.05aA 23.66 ± 0.57aB
CS/GL/LAE 16.70 ± 0.60a 17.66 ± 2.08aA 16.03 ± 1.00aA 24.33 ± 0.57aB
Values are given as mean ± SD (n= 3). N.D., not detected.
Different lowercase letters in the same column indicate significant differences (p < 0.05).
Different capital letters in the same row indicate significant differences (p < 0.05).
Fig. 2. ATR-FT-IR spectra of active films based on a: gelatin/LAE, b: chitosan/LAE, c: chitosan-gelatin/LAE blend, d: chitosan/gelatin/LAE bilayer (top layer) and e:
chitosan/gelatin/LAE bilayer (bottom layer).
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formation. Active films enriched with LAE showed antimicrobial ac-
tivity against four major food bacterial pathogens including E. coli, L.
monocytogenes, S. typhimurium and C. jejuni. Overall, these findings
demonstrated that blend and bilayer films based on CS and GL enriched
with LAE presented as a good potential material in the development of
biodegradable and renewable packaging with an additional bioactive
function to ensure food safety and to extend the shelf-life of foods.
However, further studies are required to investigate their optimal ap-
plication on an industrial scale.
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